The primary objective of the current prospective study was to examine developmental patterns of voxel-by-voxel gray and white matter volumes (GMV, WMV, respectively) that would predict psychosis in adolescents with 22q11.2 deletion syndrome (22q11.2DS), the most common known genetic risk factor for schizophrenia. We performed a longitudinal voxel-based morphometry analysis using structural T1 MRI scans from 19 individuals with 22q11.2DS and 18 typically developing individuals. In 22q11.2DS, univariate analysis showed that greater reduction in left dorsal prefrontal cortical (dPFC) GMV over time predicted greater psychotic symptoms at Time2. This dPFC region also showed significantly reduced volumes in 22q11.2DS compared to typically developing individuals at Time1 and 2, greater reduction over time in 22q11.2DS COMT Met compared to COMT Val , and greater reduction in those with greater decline in verbal IQ over time. Leave-one-out multivariate pattern analysis (MVPA) on the other hand, showed that patterns of GM and WM morphometric changes over time in regions including but not limited to the dPFC predicted risk for psychotic symptoms (94.7-100% accuracy) significantly better than using univariate analysis (63.1%). Additional predictive brain regions included medial PFC and dorsal cingulum. This longitudinal prospective study shows novel evidence of morphometric spatial patterns predicting the development of psychotic symptoms in 22q11.2DS, and further elucidates the abnormal maturational processes in 22q11.2DS. The use of neuroimaging using MVPA may hold promise to predict outcome in a variety of neuropsychiatric disorders.
Introduction
The 22q11.2DS, also known as velocardiofacial syndrome (Shprintzen et al., 1978) , is the most common microdeletion syndrome in humans occurring in at least 1 to 5,000 live births (Botto et al., 2003) . It has been shown that at least 25% of individuals with 22q11.2DS develop a schizophrenia-like psychosis by young adulthood (Murphy, Jones, & Owen, 1999) . Being the most common identifiable genetic risk factor for schizophrenia, 22q11.2DS serves as an important model from which to elucidate the path leading from a well defined genetic defect to variation in brain development and eventually to the evolution of psychotic symptoms.
Research has shown links between the development of psychotic symptoms and VIQ decline or catechol-O-methyltransferase (COMT) hemizygosity (Gothelf et al., 2005) , but no studies have demonstrated whether neuroanatomical patterns can predict the development of psychotic symptoms in 22q11.2DS. This may be due to the fact that past longitudinal studies have used univariate analysis of more crude volumetric or lobar volume measures (Gothelf et al., 2005) rather than multivariate analysis of voxel-based measures, which could be a more sensitive and powerful measure in detecting subtle regional changes. Indeed, studies have begun to elucidate neuroanatomical patterns that predict disease transition in at-risk mental states of psychosis (Koutsouleris et al., 2009) . Therefore, the main purpose of the current study was to identify neuroanatomical patterns that predicted risk of psychotic symptoms with high accuracy using cross-validation support vector machine (SVM) algorithms and to compare that with univariate methods.
Methods

Subjects
Time1 and Time2 data included 19 children with 22q11.2DS and 18 typically developing (TD) controls. The presence of the 22q11.2 microdeletion was confirmed in all subjects with 22q11.2DS by fluorescence in situ hybridization (FISH) . All controls were screened and were not included in the study if they had a history of major psychiatric disorder or neurological or cognitive impairment. The follow-up interval was 4.9 ± 0.7 for the 22q11.2DS group and 4.9 ± 0.9 years for the controls. The demographic and clinical characteristics of the sample are presented in Table 1 . None of the subjects had history of substance abuse and the sample was well matched across diagnostic groups in mean age, parents' years of education, male to female ratio, ethnicity, and handedness (Gothelf, Penniman, Gu, Eliez, & Reiss, 2007) . None of the subjects had a psychotic disorder at Time1. In general, the 22q11.2DS group had significantly lower IQ scores compared to the TD group. There were also significant IQ interactions such that the TD group showed general increase while the 22q11.2DS group showed a general decrease in IQ over time.
By the time of the Time2 scan, 10 participants with 22q11.2DS had received atypical antipsychotics (6 subjects) or mood stabilizers (10 subjects) for more than six months. All six subjects receiving antipsychotics had a psychotic disorder. After providing a complete description of the study to the subjects and their parents, written informed consent was obtained at both time points, according to protocols approved by the institutional review board at Stanford University School of Medicine.
Genotyping
Blood samples were drawn from the 22q11.2DS group to determine genotype. The COMT Val108/158Met polymorphism (rs165688) was genotyped using a standard method (Lachman et al., 1996) . Eleven individuals had COMT Met and eight had COMT Val genotypes. The demographic and clinical characteristics of the sample are presented in Table  2 .
Cognitive and psychiatric measures
Cognitive and psychiatric assessments were conducted at both time points. For the cognitive assessment, the Wechsler Intelligence Scale for Children, 3rd edition (WISC III) was used for subjects 17 years and younger and the Wechsler Adult Intelligence Scale, 3rd edition (WAIS III) was used for subjects older than 17 years. For screening of psychotic disorders, the Screening Question portion of the Schedule for Affective Disorders and Schizophrenia for School Age Children-Present and Lifetime Version (K-SAD-PL) was used. In addition, subjects above the age of 18 years were also evaluated with the Structured Clinical Interview for DSM-IV Diagnoses (SCID). At Time2, all 22q11.DS individuals were tested by a child and adolescent psychiatrist, who completed the Brief Psychiatric Rating Scale (BPRS) to measure psychotic symptoms.
Magnetic resonance imaging (MRI) acquisition
All imaging data were acquired at the Richard M. Lucas Research Center (Stanford University, Palo Alto, CA USA) using the same Signa 1.5 T scanner (General Electric, Milwaukee, WI). Data were acquired at two time-points with a slow spoiled gradient echo (SPGR) sequence: flip angle=45°, repetition time (TR)=6 s, echo time (TE)=1 s, matrix size=256×256, field of view (FOV)=240×240 mm, pixel size=0.9375×0.9375 mm, slice number=124, thickness=1.5 mm.
Image processing: Voxel-based morphometry (VBM) analyses
VBM analyses of T1 MR images were performed using SPM5 (http://www.fil.ion.ucl.ac.uk/spm) and VBM5.1 (http://dbm.neuro.uni-jena.de/vbm). T1 images were bias corrected, segmented to GM, WM and cerebro-spinal fluid (CSF), spatially normalized and modulated, followed by smoothing with an isotropic Gaussian kernel with full-width at half-maximum (FWHM) of 12 mm. Since the results from standard and customized templates were essentially unchanged, the results from the standard template are reported here.
2.6. Statistical Analysis 2.6.1. Analyses of GM and WM volumes-We examined total GMV, WMV and total tissue volume (TTV, GMV+ WMV) obtained from VBM analyses using repeated measures analyses of variance (ANOVA).
2.6.2. VBM analysis-We examined regional GM and WM volume differences between 22q11.2DS and TD controls using whole-brain analysis of covariance (ANCOVA) covarying out age and total GMV / WMV (for regional GM and WM analyses, respectively). As supplementary analyses, VIQ was also included as a nuisance variable. Comparisons between 22q11.2DS and TD groups were performed also examining Time1 and Time2 data separately. Similarly, comparisons between Time1 and Time2 data were performed examining 22q11.2DS and TD groups separately.
2.6.3. Covariation between GM and WM volumes and BPRS, VIQ and COMT genotypes-Whole brain multiple regression analyses were performed with Time2 BPRS score as the outcome variable and change in GMV or WMV as the predictor. The effects of total GMV or WMV at Time1 and age were regressed out of these models. Within the brain regions that showed a significant effect, small-volume correction (SVC) was performed to examine whether there were significant differences between 22q11.2DS and TD groups at both Time1 and Time2.
Mean values from significant brain regions in the whole brain VBM multiple regression analyses described above were extracted for each subject (significant effects were only found for GMV). These values were then adjusted for age and total GMV by performing linear multiple regression analysis with age and total GMV as independent variables, and obtaining the residuals. These adjusted brain volumes were used to examine whether there were differences between 22q11.2DS individuals with COMT Met and COMT Val . In addition, decrease in VIQ as a function of time (i.e., VIQ slope=[Time2 VIQ − Time1 VIQ] / duration [yr]) was evaluated for correlations with adjusted brain volumes.
A statistical threshold with a joint-expected probability of p=0.01 with a correction for nonstationary cluster extent threshold (to correct for non-isotropic smoothness) was used in the VBM analyses. P = 0.05 corrected for family-wise-error (FWE) was used for SVC analysis.
Multivariate Pattern Analysis (MVPA)-
We performed leave-one-out linear SVM analysis (regularization parameter C=1) using in-house tools based on Matlab. First, we constructed a class vector constituting either '+1's and '-1's depending on whether the individual with 22q11.2DS had more or less psychotic symptoms (median split, where median value was a BPRS score of 34). As expected, there was a significant difference in Time2 BPRS score (group with more symptoms: n=10, mean=45.6, SD=9.75; group with less symptoms: n=9, mean=26.0, SD=4.72; t (17) =5.47, p=0.00004).
Next, we converted contrast images into a S-by-N matrix where S is the number of subjects (19) and N is the number of features/voxels (4×4×4mm) and normalized the matrix so that mean=1 and SD=1. The number of features was reduced by recursive feature elimination iteratively, removing 30% of worst-discriminating voxels at a time until the performance started deteriorating. This was compared with classification performance based on the results from univariate GLM analyses, i.e., mean average of left dPFC GM volume, which showed significant negative correlation with Time2 BPRS score and change in regional GM volume, as the only feature. All procedures were performed by keeping training data, which were used to construct the classifier, and test data independent using leave-one-out crossvalidation. Significance was determined using permutation analysis by randomly reassigning class labels 2000 times (p<0.05). Results were similar when classes were determined based on the existence of a full-blown psychotic disorder (cut-off: BPRS=35, psychosis: n=7).
Results
Between-group differences using univariate analysis
Summaries of baseline (Time1) and follow-up (Time2) brain TTV is presented in Table 1 , and results of regional brain volume are presented in Table 3 . When repeated measures ANCOVA was performed (total GMV and age as covariates), there was a main effect of diagnostic group, a main effect of time, but no significant interaction (p=0.01 corrected, Fig.  1a,b) . Differences in regional GMV between 22q11.2DS and TD groups were very similar at Time1 and Time 2 with the 22q11.2DS group showing significantly reduced GMV in posterior medial parieto-occipital and cerebellar regions (posterior vermis, inferior semilunar lobule, uvula and pyramis, and anterior culmen), inferior / middle occipital, lingual, parahippocampal, posterior cingulate gyri, (pre)cuneus, and midbrain. In contrast, the 22q11.2DS group showed significantly greater GMV compared to TD in anterior medial cortical and sub-cortical regions: bilateral rectal, orbital, inferior / middle / superior / medial frontal, subcallosal, inferior / middle / superior / transverse temporal, supramarginal (and inferior parietal lobule), fusiform, parahippocampal gyri, anterior cingulate, insula, claustrum, thalamus, putamen, lateral global pallidus, caudate, uncus, hippocampus and midbrain red nucleus. Most GM regions, except for some midline cerebellar and medial cortical and subcortical structures, showed significant reduction over time in both the 22q11.2DS and TD groups. The results did not change when the statistical effects of VIQ were controlled in the model. Spatial distribution (anterior-posterior, medial-lateral gradients) of regional WMV results was similar to that of the GMV results. When repeated-measures-ANCOVA was performed (total WMV and age as covariates), there was a main effect of diagnostic group (p=0.01 corrected, Fig. 2a ). Both at Time1 and Time2, the 22q11.2DS group showed significantly lower regional WMV in the parieto-occipital and midline cerebellar regions. This was no longer significant when VIQ was included in the model. On the other hand, the 22q11.2DS group had significantly greater regional WMV in frontal and subcortical regions (results unchanged when VIQ was regressed out). There was also a main effect of time (p=0.01 corrected, Fig. 2b ) such that WMV increased over time in both groups (results unchanged when VIQ included). The 22q11.2DS group however, had many more brain regions that showed increase in WMV over time. Reflecting this qualitative observation and unlike GMV, there was a significant interaction; regions mainly in the fronto-temporal regions exhibited significantly greater increase in WMV in the 22q11.2DS compared to the TD group (p=0.01 corrected, Fig. 2c ). The interaction results did not change when VIQ was included as a covariate of uninterest in the model.
Associations between Longitudinal Changes in VBM and Time2 Psychotic Symptoms in the 22q11.2DS Group
Whole-brain regression analysis revealed significant association between greater decrease in regional GMV of the left dorsal prefrontal cortex (dPFC) over time and greater psychotic symptoms as measured by higher BPRS scores (Fig. 3a) . In addition, this prefrontal GM region was significantly reduced in the 22q11.2DS compared to the TD group at both Time1 and Time2 (Time1: t=4.09, p=0.017 SVC, extent threshold (ET) =272; Time2: t=4.02, p=0.021, SVC, ET=229). When individuals with 22q11.2DS were grouped based on COMT status, those with the Met genotype had significantly greater reduction in GMV over time in the same left dPFC region (t (17) =2.75, p=0.014, Fig. 3a) . As expected, decrease in VIQ as a function of time (i.e., VIQ slope) was correlated with decrease in left dPFC GMV over time (i.e., those with greater decrease in GMV showed greater decline in VIQ over time were; r=0.46, p=0.05). There were no significant clusters in WM or CSF that predicted the severity of psychotic symptoms at Time2.
Associations between Longitudinal Changes in VBM and COMT Genotype
Besides the left dPFC region found to be significantly different with genotype status, there were significant differences in regional WMV in a large region along the cingulum to the superior longitudinal fasciculus / arcuate fasciculus (Fig. 3b) . The Met group showed significantly greater increase in this WM region compared to the Val group.
Multivariate Pattern Analyses Classifying those by Severity of Psychotic Symptoms
Regional GM volumes of left dPFC (cluster shown in Fig. 3a) as the only feature, accuracy of classifying 22q11.2DS individuals with more or less psychotic symptoms was 63.1% and was significantly better than chance (p < 0.05) (Fig. 4a) . Results from whole brain pattern classification using voxel-by-voxel GM volumes (accuracy: 94.7%), WM volumes (accuracy: 100%) and a combination of GM and WM volumes (accuracy: 94.7%) were significantly better than the results of univariate analysis (all p's<0.05), but not significantly different from each other (all p's>0.1). Distance from the hyperplane of the classifiers for each subject showed significant correlation with Time2 BPRS scores for whole brain pattern classification analyses (GM: r=0.49, p=0.035; WM: r=0.73, p<0.001; GM and WM combined: r=0.70, p<0 .001) but only a trend for significant effect for univariate analysis (r=0.42, p=0.072) (Fig. 4b) . Patterns of voxels that contributed to the classifier included not only the left dPFC but also other regions such as the medial PFC (mPFC), right amygdala, orbitofrontal and dorsal cingulum (Fig. 4c) .
Discussion
In this longitudinal study of 22q11.2DS adolescents, we show that later psychotic symptoms can be predicted by developmental changes in morphometric spatial GMV and WMV patterns with very high accuracy using cross-validated MVPA (94.7 and 100%, respectively), and significantly better than using univariate analysis of the PFC GMV (63.1%). We further show that longitudinal VBM analysis replicates and extends previous findings regarding the developmental neuroanatomical characteristics of 22q11.2DS and its association with the emergence of psychotic symptoms and COMT genotype.
In line with previous cross-sectional studies (Bearden et al., 2009; Bearden et al., 2007; Campbell et al., 2006; Eliez, Schmitt, White, & Reiss, 2000; Kates et al., 2001 ), we found reduced brain volumes in extensive parieto-occipital and cerebellar regions and the midbrain. Conversely, we found significantly increased GMV in anterior medial cortical and subcortical regions. As can be seen in Fig. 1a the antero-posterior between-group gradient of cortical development was observed at both time point measures. An even more dramatic dissociation between the anterior and posterior cortical poles occurs in another intriguing neurogenetic condition -Williams syndrome (Gothelf et al., 2008; Reiss et al., 2004) . It is likely that haploinsufficiency of genes in these syndromes is responsible for this anteroposterior neuroanatomical developmental abnormality.
The cortical pattern of volume increase in frontal regions and decrease in posterior regions occurred for both GMV and WMV. While we did not find a group by time interaction for GMV there was a group by time interaction for WMV. There was a more robust increase in WMV in 22q11.2DS than in controls in extensive fronto-temporal brain regions (Fig. 2c) . Several previous studies have demonstrated that WMV deficits, especially in posterior cortical regions, are common in 22q11.2DS (Campbell et al., 2006; Eliez et al., 2000; Kates et al., 2001; Simon et al., 2005; van Amelsvoort et al., 2004) . In a previous longitudinal analysis of the same sample, using a coarse lobar dissection of the brain, we also observed decreased cranial WMV in adolescents with 22q11.2DS compared to controls (Gothelf et al., 2007) . Our VBM results replicate these findings and further show that the accelerated growth in WMV is localized to fronto-temporal cortical regions. It is yet to be determined if the accelerated growth of fronto-temporal WM in adolescents with 22q11.2DS represents aberrant brain maturation or alternatively a functional "catch-up".
In terms of the association between brain developmental trajectories and the emergence of psychotic symptoms, we found that decrease in the left dPFC over time correlated with the severity of psychotic symptoms at Time2. The same prefrontal cluster was reduced in size in 22q11.2DS individuals at both time points and was also more reduced in size in the 22q11.2DS subgroup carrying the COMT Met allele. Subjects with 22q11.2DS carrying the COMT Met allele putatively have very high levels of prefrontal cortical dopamine and this is likely to interfere with prefrontal cortical maturational processes especially during adolescence-a time of dramatic increase in cortical dopamine levels (Lambe, Krimer, & Goldman-Rakic, 2000) . A few studies have shown that the COMT genotype affects prefrontal neuroanatomy (Gothelf et al., 2005; Kates et al., 2006; van Amelsvoort et al., 2008) . In line with our results, Van Amelsvoort et al. (van Amelsvoort et al., 2008) found that 22q11.2DS adult COMT Met adult carriers had significantly smaller frontal lobe volumes. Kates et al.(Kates et al., 2006) found that dPFC volumes of COMT Met 22q11.2DS male children were decreased but were increased in COMT Met 22q11.2DS female carriers. In a previous analysis of the same cohort using a simplified (delimiting plane based) cortical parcellation approach, we found that prefrontal volumes declined significantly more in COMT Met compared to COMT Val 22q11.2DS carriers when followed from childhood to late adolescence-young adulthood (Gothelf et al., 2005) . However, limitations of this and previous analyses investigating prefrontal neuroanatomy in 22q11.2DS includes the use of a simplified ROI based measure of the PFC (Gothelf et al., 2005; Kates et al., 2006) or crosssectional samples only (Kates et al., 2006; Vorstman et al., 2008) . The simplified PFC measure used in our previous studies may also explain why we were not able to find an association between the severity of psychotic symptoms and prefrontal neuroanatomy in these prior analyses (Gothelf et al., 2005; Gothelf et al., 2007) . With the application of a MVPA approach, we were able to identify developmental changes in neuroanatomical patterns of GMV and WMV such as lesser left dPFC and dorsal cingulum, and greater mPFC, right amygdala and orbitofrontal cortex that predicted which 22q11.2DS adolescent would have greater or lesser psychotic symptoms with very high accuracy. This MVPA approach was significantly better than using univariate approaches. Further, how likely one were to be in one group versus the other based on neuroanatomical patterns (i.e., distance from the hyperplane) was associated with later psychotic symptoms, which further supports the validity of this approach. The MVPA is considered as a more sensitive method than the traditional univariate analysis and therefore identified additional regions, besides the dPFC, as contributing to the prediction of psychosis. MVPA is based on the hypothesis that multiple brain regions contribute to a disease progression. The results of our study suggests that dPFC is a very significant region in contributing to the prediction of psychosis as it shows up in univariate as well as multivariate analyses. The MVPA additionally shows the importance of these other regions that on their own may seemingly contribute very little, and hence are nonsignificant in the univariate analysis, but are detected by MVPA.
Several studies with healthy subjects and with subjects with schizophrenia found that the mPFC is strongly and consistently activated while individuals perform mentalizing tasks or perceive emotions (Brunet-Gouet & Decety, 2006) . The mPFC was also found to be abnormally activated in patients with schizophrenia while performing tasks involving theory of mind and social cognition (Brunet-Gouet et al., 2006) . Recent studies suggest that in addition to psychotic disorders, autism spectrum disorders are also common in 22q11.2DS (Kates et al., 2007) . Hence, the abnormal development of the mPFC and yet to be identified other brain regions, possibly contribute to the psychotic and autistic phenotypes of 22q11.2DS. In a recent longitudinal analysis of European cohort of individuals with 22q11.2 DS and measuring cortical thickness, Schaer et al. also showed abnormal development of the prefrontal cortex in individuals with 22q11.2DS (Schaer et al., 2009 ).
The finding of greater increase in WMV along the dorsal cingulum bundle and superior longitudinal fascisculus / arcuate fasciculus in 22q11.2DS COMT Met vs. COMT Val subgroups is interesting in light of the literature on abnormalities of these fiber tracts in schizophrenia in relation to working memory and other executive functions (Buchsbaum et al., 2007; Green et al., 2009; Takei et al., 2009) . Future work elucidating the relationships between the regions observed to predict outcome is warranted.
There are several limitations to the current study. The influence of antipsychotic medications on the neuroanatomical findings is difficult to disentangle in the current study. In addition, although the age of onset of psychosis in 22q11.2DS is earlier than the age of onset of schizophrenia in the general population (Green et al., 2009) , some of the participants currently not psychotic might develop psychotic symptoms in the future.
In conclusion, there are probably a large number of interacting factors affecting brain development in subjects with 22q11.2DS. However, it seems that some of the brain maturational processes that are consistently emerging as hallmarks of 22q11.2DS are the antero-posterior dissociation in cortical development and abnormal maturation of WM. Other processes, such as decline in dPFC GMV volume occur in at risk 22q11.2DS subgroups, e.g. COMT Met carriers and 22q11.2DS subjects who later develop psychotic disorders. The interaction between these processes and developmental changes in regions such as the mPFC and dorsal cingulum are likely to be the key risk factors of psychosis. If replicated in a larger independent sample, multivariate machine learning methods may be useful in the future in identifying neuroanatomical patterns that predict clinical outcome in 22q11.2DS. Regional GMV results. a. Group differences between 22q11.2DS and TD groups are displayed by examining the main effect of group, and for Time1 and Time2 separately. b. Differences between Time1 and Time2 data are displayed by examining the main effect of time, and for 22q11.2DS and TD groups separately. Regional WMV results. a. Group differences between 22q11.2DS and TD groups are displayed by examining the main effect of group, and for Time1 and Time2 separately. b. Differences between Time1 and Time2 data are displayed by examining the main effect of time, and for 22q11.2DS and TD groups separately. C. Interaction effects between group (22q11.2DS and TD groups) and time (Time1 and Time2). Multivariate pattern analysis results. a. Classification accuracy using left PFC GM volume as single feature (left PFC), patterns of whole-brain GM volume (GM), patterns of wholebrain WM volume (WM), and combination of GM and WM (GM+WM). b. Association between distance from hyperplane for the whole-brain GM and WM pattern classifier and BPRS scores. r=0.70, p<0.001. c. Morphometric patterns that discriminate between 22q11.2DS individuals with and without psychotic symptoms. Voxels that remained during the recursive feature elimination with positive weights are plotted in red (GM) and violet (WM), and with negative weights in blue (GM) and cyan (WM). Yellow solid circle indicate overlap with univariate analysis showing associations between GMV changes and Time2 psychotic symptoms. n.s.
